Little is known about the hormonal regulation of luteinizing hormone (LH) biosynthesis. We have studied the regulation of LH messenger RNA (mRNA) levels by gonadal-steroid hormones in the rat. In one set of experiments, male and female rats were surgically gonadectomized (GDX) and killed 1, 3, 7, 14, 22, and 31 d postoperatively. In another set of experiments, male and female rats were surgically GDX and were injected subcutaneously with testosterone propionate (500 Mug/100 g body wt per d) or 17,8-estradiol 3-benzoate (10 lg/100 g body wt per d), respectively, beginning 3 wk postoperatively. Levels of serum LH were determined by radioimmunoassay and levels of LH subunit mRNAs in single pituitary glands were determined by blot hybridization analysis using labeled synthetic oligodeoxyribonucleotide probes that correspond to portions of the coding regions of the rat a-and LHfl-subunit mRNAs. 4 wk after gonadectomy, serum LH levels rose nine-and 20-fold, while a-subunit mRNA levels rose six-and 10-fold, and LHIf-subunit levels rose seven-and 14-fold, compared with controls in males and females, respectively. In gonadal-steroid hormone-treated male and female GDX rats, serum LH levels fell to 8 and 36% of control values, while a-subunit mRNA levels declined to 22 and 19%, and LH-f-subunit mRNA levels declined to 6 and 10% of control values, 48 h after injections were initiated, in males and females, respectively. We conclude that gonadal-steroid hormones negatively regulate the levels of both subunit mRNAs in GDX rats in a pattern that parallels the changes in serum LH values. These data suggest that gonadal-steroid hormone regulation of LH biosynthesis occurs, at least in part, at the level of LH subunit mRNAs due to effects at the transcriptional and/or RNA stability levels.
Introduction
Luteinizing hormone (lutropin, LH)' is essential for normal sexual development and function, and stimulates a variety of re-productive processes including gametogenesis and production of gonadal-steroid hormones. It is a glycoprotein hormone produced in the anterior pituitary gland, and consists of the two noncovalently bound subunits, a and LHB (1) , which are encoded by separate genes (2) (3) (4) (5) . LH is structurally related to the other pituitary glycoprotein hormones, follicle-stimulating hormone and thyroid-stimulating hormone, as well as the placental glycoprotein hormone, chorionic gonadotropin. Each of these glycoprotein hormones, within a species, consists of a nearly identical a-subunit and a unique p-subunit that dictates the biologic specificity of the hormone (1) .
Although it is well known that gonadal steroid hormones regulate the serum levels and pituitary content of LH (6) (7) (8) (9) (10) (11) (12) (13) , little is known about their regulation of the biosynthesis of the subunits of LH at the transcriptional and the posttranscriptional levels. The excess production of a-subunits over LHf-subunits (14, 15) has suggested that the rate of LHfl-subunit synthesis determines the amount of intact LH produced (16) (17) (18) (19) . Several studies at the pretranslational level using cell-free translational analyses have indicated that the levels of a-and LHfl-subunit messenger RNAs (mRNAs) are elevated in castrate animals (17) (18) (19) (20) , and that they decrease with gonadal steroid replacement (7, 9, 21) . In a detailed study examining the time course of the gonadectomy-induced increase in translatable a, LHfl, and follicle stimulating hormone-f precursors, Corbani et al. (20) found that maximum levels of subunit precursors were reached -3 wk after castration, but that significant increases were noted as early as 1 wk after castration. While these studies provide an indirect measurement of subunit mRNA levels, they are limited by the possibility that these results might also be explained by changes in translational efficiency.
More recently, steady state levels of pituitary LH subunit mRNAs, quantitated directly by blot hybridization analyses, have been shown to increase in castrate ewes and to decline with estradiol treatment (8) . In addition, Tepper et al. (22) , in a preliminary report, have showed that LHf-subunit mRNA levels, measured from pooled ovariectomized rat pituitary glands, using dot-blot hybridization techniques, rise fourfold above control levels in 4 wk, and that these levels return to nearly normal values after 3 d of estradiol treatment.
The aim ofthis study is to examine the changes in the steady state levels of mRNAs encoded by a-and LHf-subunit genes in two physiologic models: (a) gonadectomized (GDX) rats and (b) GDX rats treated with gonadal-steroid hormones. Our results indicate that LH subunit mRNA levels are indeed regulated by gonadal-steroid hormones and hence, that regulation ofLH biosynthesis by these hormones occurs, at least in part, at the pretranslational level. We have examined these changes at multiple time points using a technique to measure subunit mRNA levels in individual rat pituitary glands, which allows a statistical analysis of these data. Radioimmunoassay (RIA) ofLH. Serum levels ofrat LH (rLH) were determined by RIA using National Institute of Arthritis, Metabolism, and Digestive Diseases (NIAMDD) reagents as described previously (23) except that they have been calculated from a standard curve employing the highly purified NIAMDD-rLH. The use of highly purified iodinationgrade hormones for standards has been described (24) . This preparation is '61 times more potent than the previously supplied reference preparation (RP-l), and is similar in potency to the currently supplied reference preparation (RP-2), according to information supplied with the hormone. As a result, the values for serum LH presented in this paper are lower than those observed by other investigators who have used RP-1, or other less pure reagents (13, 25) . For example, our mean values±SD for normal males, 1. 1±0.49 ng/ml, and for normal females, 0.33±0.34 ng/ml, are much lower than normal values for males, 48±6 ng/ml (10), and females, 110±50 ng/ml (13), previously reported.
Synthetic labeled oligodeoxyribonucleotides. Oligodeoxyribonucleotides (probes) complimentary to the rLH subunit RNAs and corresponding to portions of the coding regions ofthe rat a-subunit (21 nucleotides including amino acids +33 to +40) (26) and rat LH#-subunit (17 nu- cleotides including amino acids +31 to +36) (27) were synthesized on an automated DNA synthesizer (Applied Biosystems, Inc., Foster City, CA). The probes were 5'-end-labeled using [h-32PJATP (7,000 Ci/mmol) (New England Nuclear, Boston, MA) and polynucleotide kinase (New England BioLabs, Beverly, MA) to achieve a specific activity of 6-7 X 106 cpm/pmol DNA (28 Standardization ofdata. Since variation in amounts of total RNA from each pituitary applied to the gels exists, it was necessary to develop a method of internal standardization. We accomplished this by hybridizing the same Northern blots used in the subunit mRNA studies with a nick-translated cDNA #l-actin probe as described above. The densities of the bands on the autoradiograms were then determined by scanning densitometry. The density of the bands on the #l-actin Northern blots was assumed to be proportional to the amount of total pituitary RNA that had been applied to the gel. The density ofeach band on the ,B-actin Northern blot was expressed as a ratio of an arbitrarily selected band on the same blot, and this ratio was then used to calculate corrected values for the densities of the corresponding bands on the a-and LHf3-probed Northern blots. By this method, we were able to provide internal standardization for the amounts of subunit mRNAs represented by each autoradiographic band. fl-actin is an essential structural protein required for cellular integrity and its concentration within the cell is not known to change with treatment with gonadal steroids. fi-actin has been used in other studies as an internal mRNA control (33) . Furthermore, the densities of the bands on the ,B-actin-probed blots did not change with time after gonadal-steroid treatment (data not shown).
Statistical analysis. All RIA data were subjected to Tukey's t test (34). The scanning densitometry data from the gonadectomy experiments were fitted to a linear regression model that correlated the quantity of RNA against time after castration (34). The Kendall correlation test (35) and the Wilcoxon rank sum test (Mann-Whitney variation) (35) were used to analyze the experiments in which GDX rats were treated with gonadal-steroid hormones.
Results
Our general approach was to evaluate the time-related changes in serum LH and pituitary LH subunit mRNA levels in (a) GDX and (b) gonadal-steroid hormone-treated GDX male and female rats.
Gonadectomy
Males. The serum LH levels, determined by RIA, increased markedly with time in CAST rats. Mean serum LH levels increased from 1 Fig. 1 A) . The LH subunit mRNA levels were determined by blot hybridization and semi-quantitative scanning densitometry of xray bands in autoradiograms. The LH subunit mRNA levels increased gradually with time (Fig. 2) . The mean a-subunit mRNA levels reached peak levels, 624±84 arbitrary densitometric units (ADU), 22 d after CAST, which represented a 6.2-fold increase compared with control levels, 100±52 ADU (P < 0.05). The LH,3-subunit mRNA levels reached peak levels 22 d after CAST, 747±183 ADU, a 7.5-fold elevation (P < 0.05) compared with control levels, 100±4 ADU (Fig. 1 B) .
These data were also subjected to simple linear regression analysis in which pituitary subunit mRNA regressed against time after GDX. The rises in a-subunit mRNA levels (P < 0.001) and LH#-subunit mRNA levels (P < 0.01) in GDX males were found to be significant. Females. The rise in mean serum LH in OVX rats also occurred gradually with time. Mean serum LH levels increased from 0.33±0.30 ng/ml in control animals to 3.51±0.21 ng/ml by 7 d (P < 0.01) and to 8.61±0.53 ng/ml (P < 0.01) by 31 d after CAST (Fig. 3 A) ; these values represent 10-and 20-fold elevations, respectively.
The increases in LH subunit mRNA levels in OVX rats were more pronounced than those seen in the CAST rats (autoradiograms not shown). The mean a-subunit mRNA levels rose from control levels of 100±42 ADU to 184±17 ADU by 7 d (P < 0.05) and to 878±312 ADU by 22 d post-OVX (P < 0.01); these values represent 1.8-and ninefold increases, respectively. The rise in LH#-subunit pituitary mRNA levels occurred earlier than that of the a-subunit. LHB-subunit mRNA levels rose from the mean control level of 100±21 to 307±84 ADU, 3 d post-OVX, a threefold increase (P < 0.05), and to 1,471±405 ADU 22 d post-OVX (P < 0.005), a 15-fold increase (Fig. 3 B) . Statistically significant trends were also seen in OVX rats for both a-(P < 0.00 1) and LH,-subunit mRNA levels when these data were analyzed by simple linear regression (P < 0.0001). The rise in LH,-subunit mRNA levels roughly paralleled the rise in serum levels.
Gonadal-steroid treatment ofGDX rats
Males. Serum LH levels in CAST rats declined rapidly with testosterone treatment (Fig. 4 A) . They declined from control levels of 16 .28±2.55 ng/ml to 4.86±0.77 ng/ml or 30%o ofcontrol levels at 12 h (P < 0.01), to 2.22±1.22 ng/ml or 14% of control levels at 24 h (P < 0.01), to 1.36±0.44 ng/ml or 8% control levels at 48 h (P < 0.01), and to 0.13±0.12 ng/ml or 0.8% of control levels (P < 0.01) at 7 d after injections were initiated. Open bars correspond to bands representing RNAs hybridized to the a-subunit DNA probe. Shaded bars correspond to bands representing RNAs hybridized to the LH#-subunit DNA probe. Stars indicate statistical significance of data points compared with control levels: *, P <0.05; and **, P < 0.01.
The pituitary LH subunit mRNA levels in testosteronetreated CAST rats also declined significantly within 48 h (Fig.  5 ). The mean a-subunit mRNA level decreased from 100±10 ADU to 22.0±16.0 ADU, or 22% of control levels at 48 h (P < 0.05) and to 12.0±5.0 ADU, or 12% of control levels at 7 d (P < 0.05) (t112 = 24 h). The decline in LHB-subunit mRNA levels occurred more rapidly and paralleled the decline observed in serum LH levels. The mean LHB-subunit mRNA level decreased from 100±35.0 to 6.0±3.0 ADU, or 6% ofcontrol levels at 48 h (P < 0.05), and to 1.9±0.9 ADU, or 2% of control levels at 7 d (P < 0.05) after injections were initiated (tI2 = 9 h) (Fig. 4 B) .
The ratio of pituitary a-to LHI3-subunit mRNA levels increased with time after initiation of testosterone treatment in the GDX male rats. Note that subunit mRNA levels are expressed in arbitrary densitometric units. Because the hybridization probes did not possess identical specific activities, and exposure times of the two blots were different, comparisons of absolute amounts of a-and LH#3-subunit mRNA levels cannot (Fig. 4 B) . Table I reveals that despite the fact that both a-and LHj3-subunit mRNA levels declined simultaneously, at 24 and 48 h after testosterone treatment of CAST rats, the a/LH3 subunit mRNA ratio increased, which indicates that the LH(-subunit mRNA levels declined to a greater degree than did the a-subunit mRNA levels. Females. The serum LH levels in OVX rats also declined rapidly with estradiol treatment. Mean serum LH declined from 11.1±2.6 ng/ml in control (0 h) animals to 36% ofcontrol levels (4.0±1.3 ng/ml) at 48 h (P < 0.01) and to 10% of control levels (1.1 ng/ml) at 7 d after injections were initiated (Fig. 6 A) .
The decrease in pituitary LH subunit mRNA levels in estradiol-treated OVX rats followed a pattern similar to that seen in the male rats. The mean a-subunit mRNA level decreased from control levels of 100±54.0 ADU to 26.0±6.7 ADU, or 26% of control levels at 24 h (P < 0.05), to 19.0±6.7 ADU or 19% of control levels at 48 h (P < 0.01), and 17.0 ADU or 17% ofcontrol levels at 7 d (t1/2 = 22 h). As in the testosterone-treated CAST rats, the mean LHfl-subunit mRNA level in the estradioltreated OVX rats also declined more rapidly than did the mean a-subunit mRNA level. The mean LH,3-subunit mRNA was decreased from 100±38.0 ADU to 18.0±19.0 ADU or 18% of and an intensification screen.
Size markers (in kb) are shown at left.
control levels at 24 h (P < 0.05), to 10.0±5.5 ADU or 10% of control levels at 48 h (P < 0.01), and to undetectable levels at 7 d (t112 = 13 h). Although the mean values ofboth a-and LH#I-subunit mRNA levels at 12 h were greater than control values, these elevations are not statistically significant (Fig. 6 B) .
The ratio ofpituitary a-subunit to LH(3-subunit mRNA levels also increased with time after initiation of estradiol-treatment in OVX rats (Table I ). These data show that the a-subunit mRNA levels declined to a lesser degree than did the LHI3-subunit with estradiol treatment levels in these animals.
Discussion
GDX rats offer an excellent system in which to study regulation of the LH subunit genes, because of the high levels of LH production as manifested by marked elevation of serum levels and pituitary content of LH in these animals, and because these parameters can be suppressed by treatment with gonadal-steroid hormones.
Many studies have shown that GDX increases serum concentrations (7, 9-13, 17, 20, 25, 36-38) and pituitary content of gonadotropins (9, 10, 25) . The increase in serum LH concentration occurs rapidly, and peak levels, four-to 20-fold higher than control values, are achieved -3 wk after castration (20, 25) . In this study, peak serum LH levels were ninefold and 20-fold increased above control levels, 31 d after GDX, in males and females, respectively.
Several studies have shown, using cell-free translation (9, 18) and microsomal run-off techniques (19) , a four-to 15-fold increase in the levels of both a-and LHf-subunit mRNAs in pituitaries of GDX animals. Corbani et al. (20) observed a slightly greater rise in translatable LH#I-subunit than in a-subunit mRNA activity levels in both male and female rats 21 d postgonadectomy. Our results confirm these data. In our study, peak subunit mRNA levels were also reached 3 wk postgonadectomy with six-and ninefold increases above control levels observed in asubunit with mRNA and eight-and 15-fold increases above control levels observed in LHB-subunit mRNA levels for males and females, respectively. The greater increase in LH3-subunit mRNA levels in OVX rats paralleled the rise in serum LH levels in the same animals. In GDX male and female rats, the rise in serum LH preceded the rise in subunit mRNAs in this study. This finding agrees with the data of other investigators (20) . It is known that after CAST ofadult male rats, a decline in pituitary LH content occurs concomitantly with an immediate rise in serum LH within the first day (10). This is followed by a gradual rise in pituitary LH content to levels approximately fourfold higher than control levels (10, 25) . In addition, GnRH receptors are known to increase as early as 24 h after GDX (10, 1 1) . Thus, release of preexisting LH may account for the initial rise in serum LH, while increased subunit mRNA levels may be responsible for the increase in serum LH seen at later time points after GDX.
The rise in subunit mRNA levels with time after castration may result from either an increase in the number of transcripts or an increase in RNA stability. A third possibility is that the percentage of gonadotrope cells within the pituitary cell population increases with time after castration. Changes in the gonadotrope cell population have been studied (Gwen Childs, personal communication). It has been determined that while gonadotrope cells represent 10% ofall cells in the pituitaries of intact animals, they represent 18% of pituitary cells of ovariectomized animals. Therefore, because LH subunit mRNA levels increased six-to 7.5-fold in the male rats and 10-to 15-fold in the female rats after gonadectomy, while the increase in gonadotrope cells in the same period of time was at most twofold, changes in gonadotrope cell populations alone cannot account for the increases in subunit mRNA levels seen in this study.
It has long been established that gonadal-steroid hormones regulate gonadotropin secretion (39) . The mechanism of this negative feedback remains unclear. It has been shown that treatment of castrated rats with gonadal-steroid hormones lowers plasma LH levels (6-9, 12, 13) . In the present study, serum LH levels declined to 8 and 38% of control levels within 48 h of initiation of gonadal-steroid hormone treatment in males and females, respectively. In addition, cell-free translation studies have shown that both pituitary a-subunit (17) and LH,3-subunit (21) mRNA activity levels are lower in gonadal-steroid hormonetreated OVX ewes than in untreated GDX controls (7). Using (16) (17) (18) (19) . This hypothesis was based upon the repeated observation that serum and intracellular levels of pituitary and placental free a-subunit exceed the serum and intracellular levels of intact glycoprotein hormones (14, 15, 40, 41) . In addition, in cell-free translation studies (13, 21) and blot hybridization studies (42), a-subunit mRNA levels exceed LHfl-and TSHBsubunit mRNA levels in various physiologic situations.
However, it is now known that a-subunit biosynthesis is also regulated by gonadal-steroid hormones (7) (8) (9) 21) and by thyroid hormone (43) (44) (45) . In general, in both these systems, it has been observed that the negative regulation ofa-subunit is less marked than is that of the 1-subunit. Treatment of OVX ewes for 3 wk results in a 98% reduction in steady state pituitary LHB-subunit mRNA levels but only an 86% reduction in steady-state a-subunit mRNA levels (8) . TSHB-subunit mRNA levels in hypothyroid rat pituitaries are undetectable after 4 d of thyroid hormone treatment, while a-subunit mRNA levels are reduced, but still detectable (43) . Similarly, Chin et al. (45) have found that treatment of hypothyroid mice bearing thyrotropic tumor for 33 d with thyroid hormone results in undetectable (<1% of control) levels of TSH#-subunit mRNA levels, but measurable asubunit levels that were 6% of control levels. By contrast, Gurr et al. (46) found no change in a-subunit mRNA levels, whereas TSH,-subunit levels declined to 10% of control levels after 10 d of treatment with thyroid hormone.
Our data are in agreement with these findings. There was a 94% reduction in LHp-subunit mRNA levels but only a 74% reduction in a-subunit mRNA levels in testosterone-treated CAST males 48 h after treatment. In the estradiol-treated OVX rats, there were 90 and 81% reductions in LH/3-subunit mRNA levels and a-subunit in the same time period. Even after 7 d of gonadal-steroid hormone treatment, a-subunit levels were 12.0 and 17.0% of control levels in males and females, respectively, Hormonal Regulation ofLuteinizing Hormone Subunit Messenger RNA while LHf3-subunit levels were barely detectable. These data suggest that although both a-and LH(3-subunit mRNAs are negatively regulated by gonadal steroid hormones, LH(3-subunit mRNAs are more sensitive to this negative feedback effect than are a-subunit mRNAs.
The precise mechanism of the regulation of a-subunit genes and LHf3-subunit genes by gonadal steroid hormones remains unclear. The possibilities include (a) a decrease in the number oftranscripts, or (b) increased RNA instability. Steroid hormones are known to modulate mRNA levels by both mechanisms in a multitude of systems. For instance, estrogen increases the rate of transcription of ovalbumin (47) , vitellogenin (48) , transferrin (49) , and prolactin (50) genes. On the other hand, estrogen and progesterone are known to increase substantially the half-lives of ovalbumin and conalbumin mRNAs (51) , and estrogen stabilizes Xenopus liver vitellogenin mRNA, resulting in large increases in its steady state level (52) . In addition, glycoprotein subunit mRNA levels can also be affected by other hormones. Shupnik et al. (53) have shown that thyroid hormone rapidly decreases the rates of transcription of both the a-and TSH(3-subunit genes. Whether gonadal-steroid hormones have similar effects on either the transcriptional rates or half-lives of a-and LH(3-subunit mRNAs is not known. Transcriptional studies are in progress to clarify this point.
In summary, we have described the time course of the rise in the steady-state a-subunit and LHf3-subunit mRNA levels after GDX in both male and female rats, which roughly parallels the increase in serum LH. In addition, we have shown that gonadal-steroid hormones negatively regulate the steady state asubunit and LHI3-subunit mRNA levels in GDX male and female rats but that the LH#-subunit mRNA levels are regulated to a greater degree than are a-subunit mRNA levels. The decline in serum LH is rapid, and parallels the decline in LHB-subunit mRNA levels.
We conclude that the gonadal sex steroid hormones affect the synthesis of LH at the pretranslational level by influencing the steady state levels of subunit mRNAs. Transcriptional studies are currently under way in this laboratory to determine whether these effects occur at the transcriptional or RNA stability levels.
